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Power transformerThe demand for a sustainable and non-toxic alternative insulating ﬂuid has been on the increase because of the
negative environmental impact of mineral-based insulating ﬂuids. Natural ester appeared to be a viable
alternative, but it has poor thermo-oxidative properties and higher melting temperature. This report presents
the inﬂuence of chemical modiﬁcation on the properties of natural ester-based alternative insulating ﬂuid.
Alkyl ester derivatives were synthesized from laboratory puriﬁed palm kernel oil. A straight chain alkyl ester
was ﬁrst synthesized to enhance the ﬂow properties of the oil. It was then followed by a process that converts
the double bond to an epoxy group. Side-branched ester samples were synthesized from the laboratory synthe-
sized epoxy alkyl ester of palm kernel oil. The chemical modiﬁcation was performed through esteriﬁcation
reaction involving the epoxy alkyl ester of palm kernel oil and acid anhydrides under nitrogen and in the
presence of boron triﬂuoride etherate as catalyst. The reactions were monitored and the products conﬁrmed
using FTIR and GC–MS. The melting point and thermo-oxidative stability of the ﬂuids were examined using
Differential Scanning Calorimetry (DSC). The melting point of the ester derivatives was found to reduce with
side chain attachment and antioxidant signiﬁcantly improved the thermal stability. The dielectric behavior and
electrical breakdown properties of the ester derivatives were analyzed and compared. The dielectric loss was
dominated by mobile charged particles and the charged particles appeared to exhibit faster dynamics compared
with puriﬁed palm kernel oil. This may be attributed to the mobility of the charges which is related to the
viscosity of the esters. The esters possessed excellent breakdown strengths suggest that the processing to
optimize the physical properties did not have a negative inﬂuence on the electrical breakdown strength. This
product may prove useful as an insulation ﬂuid in Electrical Power Transformers.
© 2014 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The idea of using natural ester ﬂuid for electrical insulation in oil-ﬁlled
electric equipment was conceived as far back as 1892. The development
suffered a setback because the thermo-oxidative stability of the liquid
was inferior to conventional transformer oil from mineral oil [1].
Mineral-based dielectric liquid is commonly used in power transformers
as they have good insulating and cooling properties as stated in Table 1.
However, they are known to be toxic and non-biodegradable. In a quest
for a viable alternative to mineral-based insulating ﬂuids in the 90s,
vegetable oil was found to have environmental, safety and health beneﬁts
[2]. Although recent reports show that natural ester insulating ﬂuid
performs very well as an insulant and coolant (see Table 1), its high
viscosity has posed a design challenge and its poor thermo-oxidative
property has limited its application [2–4]. Seed based oils have two
opposing properties; pour point and oxidative stability. These properties. This is an open access article underare dependent on the degree of unsaturation of the oil. The thermal and
oxidative stability of the oil becomes more susceptible to oxidation as
the degree of unsaturation progresses from monounsaturation to
polyunsaturation [2]. Conversely, the melting and pour points of the oil
decrease with increase in the percentage of unsaturated fatty acid
content. The unsaturated fatty acids generally have lower melting and
pour points than the saturated fatty acids. The high pour point of saturat-
ed fatty acid results from its uniform molecular shape which enables the
molecules to pack efﬁciently as it solidiﬁes. Crystal formation is difﬁcult in
unsaturated fatty acids because of the bends and kinks introduced by the
carbon–carbon double bonds. This limits the ability of the fatty acids to be
closely packed. As a result, the more the unsaturation, the harder it
becomes for the molecules to crystallize. This will have the consequence
of lowering the pour point of the oil [5].
There are twomajor classes of vegetable oils; one has higher concen-
tration of saturated fatty acids so it is more stable to oxidation but pos-
sesses a high melting point. The other has a higher concentration of
unsaturated fatty acids, which is highly unstable to oxidation but
possesses a lowmelting point. Efforts have focusedmainly on vegetablethe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Table 1
Typical properties of conventional transformer oil and vegetable oils.
Properties Conventional mineral
transformer oil
Vegetable oil with saturated
fatty acid ≥80%
Vegetable oil with unsaturated
fatty acid ≥80%
Viscosity (cSt) at 40 °C 13 29 37.6
Density (kg/m3) at 20 °C 895 917 886
Pour point (°C) −40 20 −22
Flash point (°C) 154 225 260
Oxidation onset temperature (°C) 207 282 192
Conductivity (S/m) at 20 °C 10−13 10−11 10−10
Breakdown strength (kV) 45 60 56
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their low melting and pour points. The use of the existing commercial
natural ester dielectric ﬂuid (with higher ethylenic unsaturation) is
restricted to hermetically sealed transformers to prevent oxidation [3].
Oils with higher concentrations of saturated fatty acids are not often
considered, even though they are more resistant to oxidation. This
may be because they solidify atmuch higher temperatures. Abeysundra
et al. made an attempt to use puriﬁed coconut oil as transformer oil [6],
but efforts to reduce the pour pointwere not successful. Solidiﬁcation of
insulation ﬂuids in transformers could result in the formation of voids
during a cold start leading to partial discharges (PD). PD initiation will
weaken the insulation andmay eventually lead to electrical breakdown.
The challenge in using a natural ester as an effective alternative insulat-
ing ﬂuid is developing a ﬂuid with low melting and pour points, low
viscosity, high thermal and oxidative stability, and excellent dielectric
and breakdown property.
The reactive carbon–carbon double bonds of the fatty acid chains of
vegetable oils can be deliberately modiﬁed using epoxidation process to
improve the thermo-oxidative stability and low temperature properties.Fig. 1. ReactionIn this process, the double bonds are reacted with peracetic acid to
produce epoxy rings. This process can serve as an intermediate for
deriving various bio-based products from vegetable oils [7–11]. Erhan
et al synthesized a series of derivatives from soybean oil [12–15]. They
produced lubricant based stock from epoxidized soybean oil using acid
anhydride of various chain lengths with improved oxidative stability
and low temperature properties. The ﬂuid was formulated from epoxi-
dized soybean oil by an acid-catalyzed ring-opening followed by esteriﬁ-
cation of the dihydroxy derivatives with acid anhydrides to attach a side
branched alkyl group. Acyl derivatives of soybean oil of various branch
sizes were prepared by Sharma et al. using boron triﬂuoride etherate as
a catalyst to open the epoxy ring and activate the anhydrides simulta-
neously [16]. Holser prepared carbonatedmethyl soyates by the introduc-
tion of carbon dioxide at the epoxy sites of epoxy methyl soyate at
atmospheric pressures [17].
In this paper, an attempt is made to synthesize derivatives of palm
kernel oil with optimized properties. Through such synthesis, a new
sustainable base-stockmay be produced as a viable alternative electrical
insulating ﬂuid for high voltage oil-ﬁlled electric equipment.scheme.
Fig. 2. Flowchart of the ester synthesis.
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2.1. Materials
Palm kernel oil ester (PKOAE1), and epoxy alkyl ester of palm kernel
(PKOAE2) [18]. Ethyl acetate, butyric anhydride, propionic anhydride,
nitrogen, boron triﬂuoride diethyl etherate, NaHCO3, and NaCl were
purchased from Sigma Aldrich.
2.2. Sample preparation
An alkyl ester (PKOAE1) was synthesized from laboratory puriﬁed
palm kernel oil by transesteriﬁcation. Epoxy alkyl ester (PKOAE2) was
then prepared by epoxidation of PKOAE1 with an in situ peracetic acid4000.0 3000 2000
0.010
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
0.24
0.260
cm
A 
Fig. 3. FTIR spectra of PK[18]. Branched alkyl ester samples were then prepared using an acid-
catalyzed ring-opening reaction of PKOAE2 and acid anhydrides in the
presence of nitrogen. PKOAE3 was prepared by reacting the epoxy
ester with propionic anhydride to attached three hydrocarbon side
branched chains to the ester backbone, while PKOAE4 was prepared
by reacting the epoxy ester with the ester with butyric anhydride to
attach four hydrocarbon side branched chains to the ester backbone.
The reaction scheme and the chart for the synthesis processes are
presented in Figs. 1 and 2.
The yield of the esterswasmonitored by taking aliquot of the sample
for FTIR and GC/MS analysis. FTIR spectral analysis was performed using
a Perkin Elmer Spectrum One FT-IR spectrometer. The spectrometer
sample holder and the cap were thoroughly cleaned with methanol
and acetone. The cap was ﬁxed and a background scan was performed.
A drop of the samplewas placed on the spectrometermeasurement cell.
The samplewas scanned from4000 to 650 cm−1 to obtain the spectrum
and the functional groups of the samples were identiﬁed. Samples were
analyzed using a Perkin Elmer AutoSystem XL Gas Chromatograph and
TurboMass Mass spectrometer (GC–MS). The sample was dissolved in
chloroform in a vial and sealed. Injection volumes of 1.0 μl were used.
Helium was used as the carrier gas with a ﬂow rate of 50 ml/min. The
efﬂuents from the gas chromatograph passed through a ﬂame ioniza-
tion detector (FID) for the detection of any substance that was different
from the carrier gas. The components were separated within a total run
time of 30min and identiﬁcation of the components was carried out by
FID.2.3. Thermo-physical properties
The samples (PKOAE1, PKOAE2, PKOAE3 and PKOAE4) were dried
by degassing at reduced pressure in a vacuum oven at temperature of
85 °C for 2 h for thermo-physical study. The dynamic viscosity is
deﬁned as the product of kinematic viscosity and density of the liquid.
The kinematic viscosity of the samples was determined using a
suspended-level capillary viscometer of calibration constant 2.518 ×
10−2 cSt/s. The viscometer was suspended in a temperature controlled
water bath allowing measurements to be obtained at different1500 1000 650.0
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45A.A. Abdelmalik / Sustainable Materials and Technologies 1–2 (2014) 42–51temperatures from 20 °C to 60 °C. The corresponding density of the
samples was determined using a Paar DMA 40 digital density meter at
a controlled temperature. The coefﬁcient of thermal expansion, γ, of
the samples was evaluated from the obtained data on density in line
with the ASTM D1903 standard test method [19] using the expression:
γ ¼ S1−S2
S1 T2−T1ð Þ
; ð1Þ
where S1 is the speciﬁc gravity at temperature T1, and S2 that at T2.
Thermal analysis of the samples was performed using Differential
Scanning Calorimetry (DSC). The low temperature behavior of the
samples was analyzed to determine the melting point, while the high
temperature behavior was analyzed to determine the thermal stability
of the samples. This was done using Mettler Toledo DSC1 instrument.
The heat ﬂow into the sample was measured while heating from
−100 °C to 60 °C at a rate 10 °C/min under nitrogen to determine the
melting behavior. Themelting point is often deﬁned as the temperature
at which the oil is free of crystals [23] and the temperature correspond-
ing to the peak of a DSC thermogram is often considered as the melting
point. The heat ﬂow was also measured while heating the sample from
−50 °C to 350 °C at a rate 10 °C/min under oxygen to determine the
thermo-oxidative stability. The thermo-oxidative stability is a measure
of the onset temperature for oxidative degradation of the respective
ester samples. The oxidation onset temperature (OOT [°C]) of the
sample determined using DSC is deﬁned as the temperature at which
a rapid increase in the rate of oxidation occurs [27]. It is determined
by extrapolating a tangent line drawn on the slope of the reaction
exotherm of the thermogram. The thermal analysis was performed
using STARe software.
2.4. Dielectric properties
Samples; PKOAE1, PKOAE2, PKOAE3 and PKOAE4 were dried by
degassing at reduced pressure in a vacuum oven at temperature of
85 °C for 2 h for dielectric measurement. The relative permittivity of
the sampleswasmeasured in a bespoke test cell. Liquid test cells always4000.0 3000 2000
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Fig. 4. FTIR spectra of PKOAEcome with complicated problems such as leakage, and thermal expan-
sion of the oil sample. The cell was designed such that the electrodes
are suspended in the oil sample and having enough space to accommo-
date sample expansion. The cell was placed in a temperature controlled
oven to vary the temperature of the samples to within 0.1 °C. The rela-
tive permittivity of the sampleswasmeasured using Solartron 1255 Fre-
quency Response Analyzer and 1296 Dielectric Interface controlled by a
desktop computer. Dielectric measurements were taken over the fre-
quency range from 10−3 Hz to 106 Hz and at number of ﬁxed tempera-
tures within the range from 20 °C to 80 °C and the AC conductivity was
evaluated. An effective AC conductivity may be deﬁned as the ratio of
the dissipated power to the square of the magnitude of the ﬁeld at a
given frequency arising from conduction and dipole orientation losses;
this may be expressed as [32]:
σ ¼ Jl
E
¼ ωε″ ð2Þ
where σ is the electrical conductivity, ε″(ω) is the imaginary compo-
nent of the relative permittivity of the liquid as a function of angular
frequency, ω, Jl is the loss current density, and E is the electric ﬁeld.
The conductivity of the samples was evaluated using Eq. (2).
2.5. Breakdown strength
Samples; PKOAE1, PKOAE2, PKOAE3 and PKOAE4 were dried by
degassing at reduced pressure in a vacuum oven at temperature of
85 °C for 2 h for breakdown test. The breakdown test cell was cleaned
up with methanol and followed by acetone. 15 ml of sample that have
been dried in vacuum oven for 2 h at 80 °C was carefully introduced
into the cell to avoid air bubbles. The spacer was placed between the
spheres to create the 1 mm gap. The high voltage electrode was placed
on top of the high voltage sphere and measurement of electrical break-
down ﬁeld of an electrical insulating liquid was performed under a
progressive stress regime. An AC voltage was applied using a 50 kV
step-up transformer for the breakdown test. During each experiment,
the applied voltage was increased manually from zero at a rate of1500 1000 650.0
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Fig. 5. GC of ester samples (time in minutes).
46 A.A. Abdelmalik / Sustainable Materials and Technologies 1–2 (2014) 42–51approximately 0.5 ± 0.1 kV/s until breakdown occurred. A transformer
control unit (TCU) monitored the cell current and interrupted the
supply voltage to the step-up transformer when breakdown occurredin the sample cell. The voltage prior to the interruption of the voltage
supply was taken as the breakdown voltage of the sample. For each
specimen, 10 breakdown measurements were carried out at 20 °C.
Fig. 6. Viscosity–temperature relationship plotted on Arrhenius axes.
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The FTIR spectra (Figs. 3 and 4) displayed the characteristic peak of
some functional groups common to the synthesized alkyl ester samples.
The peak at 1197 cm−1 and 1169 cm−1 which is on the spectra of all the
samples is a ﬁngerprint of methyl ester of long-chain fatty acid [20]. The
characteristic weak band of PKOAE1 at 3003 cm−1 due to _C\H
stretching vibration of the carbon–carbon double bond was observed
to be absent in the spectra of the epoxy alkyl ester (PKOAE2) indicating
the absence of carbon–carbon double bonds in the epoxidized palm
kernel oil sample. PKOAE2 exhibits peaks around 844 cm−1 and
829 cm−1 [18] due to the presence of epoxy group in the palm kernel
oil alkyl ester. These peaks are characteristic of ester that has been
epoxidized. These can be regarded as ﬁngerprint of epoxy alkyl ester
as the peaks fall within the ﬁngerprint region. The existence of the
peaks at 844 cm−1 and 827 cm−1 on the PKOAE2 spectra shows that
the transesteriﬁcation reaction occurred without degradation of the
epoxy ring, which is needed for further modiﬁcation of epoxy alkyl
ester.
The reaction of the ester with butyric anhydride (PKOAE3) yields a
FTIR peak at 1080 cm−1 as shown in Fig. 4, which is attributed to a
grafted C-3 side branched hydrocarbon chain. If instead propionic anhy-
dride is reacted with the ester, the grafted C-4 side branched hydrocar-
bon chain (PKOAE4) has a peak at 930 cm−1. These peaks can be
considered as ﬁngerprint of the respective esters: they uniquely differ-
entiate the two alkyl esters. These peaks fall within the ﬁngerprint re-
gion of FTIR spectra. These could be attributed to the ﬁngerprint of the
respective esters. The peaks are unique to the respective esters and
they differentiate the two alkyl esters.
The GC–MS analysis of palm kernel oil alkyl ester (PKOAE1) displayed
elution peaks at 16.59min, and 16.67min as shown in Fig. 5. These peaksTable 2
Physical properties of some oil samples.
Sample Density
(kg m−3)
Viscosity
(cSt)
Ea (eV) of
viscosity
Coefﬁcient of vol.
expansion (%K−1)
PKOAE1 874.2 4.6 0.17 0.075
PKOAE2 878.0 6.1 0.19 0.075
PKOAE3 892.8 6.9 0.19 0.080
PKOAE4 893.2 7.0 0.20 0.077
Min oil 886.6 21.4 0.32 0.070
Note: measurements were taken at 20 °C.disappeared during the synthesis of PKOAE2, an indication that the
components with peaks at 16.59 min, and 16.67 min were involved in
the modiﬁcation processes. The chromatogram of epoxidized ester
(PKOAE2) displayed elution peaks at 18.37 min and 19.53 min. The
molecular ion of the epoxy ester (m/z = 327) was clearly seen from the
mass spectra, reafﬁrming the presence of epoxy group. The chromato-
grams of the branched alkyl ester samples (PKOAE3 and PKOAE4) show
complete disappearance of these peaks. This is an indication of a complete
reaction of the epoxy group to create the side branched hydrocarbon
chains. The molecular ions of the C-3 branched ester were not clearly
seen on themass spectra. This suggests that the spectra may be dominat-
ed by fragments of the branched ester [21]. The loss of the branched ions
was identiﬁed at m/z = 294 ([M-148]+) from the mass spectra analysis.
Ions equivalent to m/z = 171, 199 and 243, are presumed to be due to
fragmentation at the branched points of the esters with two side
branched chains. The molecular ions of C-4 branched esters were also
not seen on the mass spectra. The loss of ions at m/z = 171 was
suspected to be ions of methyl nonanoate and hexyl butyrate resulting
from fragmentation at the branched points, whereas those equivalent
to m/z =215 and 257 are presumed to be loss of other branched
fragments.3.1. Thermal analysis
The base vegetable oil is known to have density and kinematic
viscosity of about 913 kg.m−3 and 44 cSt at 30 °C [18]. Splitting of the
oil into its respective fatty acids (PKOAE1) resulted to a change in the
physical properties. The density and kinematic viscosity reduced to
874.2 kg.m−3 and 4.6 cSt respectively at 20 °C. The incorporation of
an epoxy ring at the double bond site resulted in a slight increase in
the density and kinematic viscosity of the alkyl ester. The kinematic
viscosity of the epoxy alkyl ester (PKOAE2) was determined to be
around 6.1 cSt at 20 °C. The kinematic viscosity of the alkyl ester
increased to 6.9 cSt at 20 °C after the grafting of C-3 side chain. Grafting
of a C-4 side chain increased the kinematic viscosity of the alkyl ester
further to 7.0 cSt at 20 °C. Dielectric ﬂuids in transformers absorb,
transfer and dissipate heat while the transformer is in operation. The
heat transfer coefﬁcient of the oil has a direct link with the dynamic
viscosity of the oil, and the viscosity is dependent on temperature
change in the oil. Measurement of dynamic viscosity of the ester deriv-
atives with temperature change shows that the samples exhibit similar
“Arrhenius” behaviorwithin the temperature range studied (Fig. 6). The
Table 3
Physico-chemical properties of samples.
Sample Melting temperature (°C) Heat capacity (kJ kg−1 K−1)
at 20 °C
Oxidation onset temperature
(OOT) in °C
Flash point
(°C)
Onset Peak Virgin With TBHQ
PKOAE1 −14.10 −6.86 2.03 180 261 148
PKOAE2 −16.52 −6.90 1.86 187 288 146
PKOAE3 −13.64 −6.55 1.78 181 278 130
PKOAE4 −14.53 −7.47 1.88 173 268 120
Min Oil – – 1.67 207 – ≥140
48 A.A. Abdelmalik / Sustainable Materials and Technologies 1–2 (2014) 42–51increase in temperature leads to an increase in the thermal or kinetic
energy of each molecule and consequently reduces the cohesive energy
of the molecules of the liquid and the resistive frictional force acting
between layers of the ﬂuid travelling at different speeds. This increases
the mobility of the molecules, resulting in the reduction in the viscosity
[22]. The activation energies of viscous ﬂow of PKOAE1, PKOAE2,
PKOAE3 and PKOAE4 are shown in Table 2. The respective activation
energy did not differ much between samples, suggesting that the ester
samples have similar viscous processes. Thiswould however, be expect-
ed since the saturated fatty acids dominate the composition of the
esters. Min oil as used in this report represents the convention mineral
transformer oil.
The viscosity of the alkyl esters is considerably lower than mineral
insulating oil whose viscosity is 21 cSt at the same temperature. Since
viscosity often has an overwhelming effect on the heat transfer capabil-
ity of a ﬂuid which is a strong function of temperature, alkyl ester may
be very good in heat transfer and dissipation as low viscosity enhances
good heat transferability.
The coefﬁcients of thermal expansion of the ester samples are shown
in Table 2. There is a 0.075% change in volume change in PKOAE2 when
the temperature of the oil changes by 1 K. Grafting of C-3 side chain
increased the volume change of the ester to 0.08% whereas a branched
chain of C-4 produced coefﬁcient of thermal expansion of 0.077%/K.
The coefﬁcient of thermal expansion of the esters is slightly higher
than mineral insulating oil.
DSC thermograms with endotherms between −20 °C and −5 °C
were obtained for the respective ester samples. It has broad peak
which results from the distribution of melting points of the fatty acids
of various chain lengths in the ester samples. The melting point of the
samples was determined from the peak of the DSC thermograms. TheFig. 7. DSC thermogram for thermo-oxidmelting point of PKOAE3 with C-3 side chains is close to that of
PKOAE1 and PKOAE2 as shown in Table 3. An increase in chain length
with the grafting of C-4 side chain (PKOAE4) was observed to shift the
melting point to a slightly lower temperature. This may have resulted
from the action of the side-branched alkyl esters due to their bends
and kinks inhibiting the close packing of the molecules [24]. The little
impact of the side chain on the melting behavior of the ester may be
due to low percentage composition (about 17%) of unsaturated fatty
acid in the palm kernel oil ester. The addition of pour point depressant
may further decrease the melting point. The epoxy ester has a higher
heat of fusion which was observed to decrease after grafting the side
chain. It also decreased with increase in chain length. This may also be
attributed to the action of the side chains on the melting process. The
speciﬁc heat capacity of the samples which was evaluated from the
DSC data showed that the samples had a similar heat capacity and it is
within the same range with standard mineral insulating oil.
On the study of the thermo-oxidative stability of the samples, the
oxidation onset temperature (OOT [°C]) was determined by extrapolat-
ing a tangent line drawn on the slope of the reaction exotherm of the
thermogram. PKOAE2 was found to possess higher OOT. However, a
decreasewas observed after grafting of side chains. OOT further reduced
with increase in the length of the side branch. The pathway for oxidative
degradation of saturated alkyl esters is considerably slower and could
occur at any point along the fatty acid backbone since the entire back-
bone possess similar C\H bonds, with the exception of the terminal
alky group [25]. This is responsible for the high oxidative stability of
alkyl esters of short chain length. The low percentage composition of
unsaturated fatty alkyl ester (17%) in the oil is responsible for its higher
oxidative stability compared to vegetable oil of higher composition of
unsaturated fatty acid such as sunﬂower oil and rapeseed oil [26]. Theation of palm kernel oil alkyl ester.
Table 4
AC conductivity and activation energy.
Samples σAC (S/m) Activation energy
for σAC (eV)
Min Oil 4.6 × 10−13 0.45
PKOAE1 5.72 × 10−10 0.27
PKOAE2 1.68 × 10−9 0.18
PKOAE3 2.95 × 10−9 0.13
PKOAE4 9.89 × 10−9 0.10
Note: value of the samples is at 20 °C.
49A.A. Abdelmalik / Sustainable Materials and Technologies 1–2 (2014) 42–51OOT of PKOAE1 and PKOAE2 is 180 °C and 187 °C respectively, while
that of PKOAE3 and PKOAE4 is 181 °C and 173 °C respectively. Oxidation
onset temperature of conventional mineral oil was 13 °C higher than
PKOAE2.
Fig. 7 shows a typical DSC thermogram of palm kernel oil alkyl ester.
The peaks on the PKOAE1 thermogram under oxygen could be
attributed to decomposition of unsaturated fatty alkyl acid, saturated
fatty acid alkyl ester and carbon residue [27], the peaks on PKOAE2
thermogram could be due to decomposition of the epoxy group,
saturated fatty acid and carbon residue, while the peaks on the
PKOAE3 and PKOAE4 exhibit similar shapewith PKOAE2 andmay be at-
tributed to decomposition of the branched hydrocarbon chains, the sat-
urated fatty acid and carbon residue. The OOT of PKOAE2 is higher than
those of PKOAE3 and PKOAE4. Grafting of side chain appeared to reduce
the OOT. The oxidation onset temperature of PKOAE1, PKOAE2, PKOAE3
and PKOAE4 is 180 °C, 187 °C, 181 °C and 173 °C respectively (Table 3).
This suggests that the epoxy rings are more resistive to thermo-
oxidative decomposition in the presence of oxygen. The decrease in
the OOT of the branched alkyl esters with chain length was because
the susceptibility of fatty acids to oxidation increases with chain length
[15]. The oxidative stability of saturated fatty acids is considerably
higher than unsaturated fatty acids. This is because the pathway for
oxidative degradation of saturated alkyl esters is considerably slower
and could occur at any point along the fatty acid backbone since the
entire backbone possesses similar C\H bonds, with the exception of
the terminal alky group [25]. This is responsible for the high oxidative
stability of alkyl esters of short chain length. The lowpercentage compo-
sition of unsaturated fatty alkyl ester (17%) in the oil is responsible for
its higher oxidative stability compared to vegetable oil of higher compo-
sition of unsaturated fatty acid such as sunﬂower oil and rapeseed oil
[26].
The inﬂuence of anti-oxidant additive on the thermo-oxidative
stability of the ester samples was evaluated by adding tertiary butylFig. 8. Arrhenius plot for electrical cohydroxyquinone (TBHQ) on the ester derivatives. Reports on the effect
of antioxidant on methyl ester of vegetable oil show that ester samples
treated with TBHQ are less susceptible to oxidation than the samples
treated with other antioxidants such as butylated hydroxytoluene
(BHT), butylated hydroxyanisole (BHA), propyl gallate (PrG) and
α-tocopherol [28–30]. TBHQ was therefore selected as the preferred
antioxidant. The percentage of additive that yields optimum perfor-
mance was determined by varying the quantity of the additive from 1
to 5% (w/w). The temperature at which a rapid increase in the rate of
oxidation occurs increases with increase in the amount of anti-
oxidant. 3% (w/w) tertiary butyl hydroquinone (TBHQ) in the samples
was found to yield optimum performance. OOT of PKOAE2 was
increased to 288 °C, PKOAE3 was increased to 278 °C, and PKOAE4
was increased to 286 °C as shown in Table 3. The addition of anti-
oxidant was observed to increase OOT with chain length. With the
presence of anti-oxidant, the length of grafted side chain appeared to
improve the oxidative stability of the ester.
The ﬂash points of PKOAE1, PKOAE2, PKOAE3, and PKOAE4were de-
termined to be 148 °C, 146 °C, 130 °C and 120 °C respectively; the ﬂash
point of PKOAE1 and PKOAE2 is within the minimum speciﬁcation for
mineral oil based insulating ﬂuid [31] as shown in Table 3. Flash and
ﬁre points are known to be dependent on volatile impurities. The
lower ﬂash point of PKOAE3 and PKAOE4 may have resulted from the
remnant acid anhydrides in the samples which are more volatile with
ﬂash points lower than that of the samples.3.2. Dielectric response
Dielectric measurement was performed on the samples (PKOAE1,
PKOAE2, PKOAE3, and PKOAE4) over frequency range of 10−3–103 Hz
and the real and imaginary components of the relative permittivity
were obtained. The real part is constant (i.e. independent of frequency)
above approximately 10−1 Hz, while the imaginary part is inversely
proportional to frequency with a slope of−1. This is an indication of a
conduction mechanism dominating in this studied frequency range.
The charges responsible for conduction in the liquid result from the
dissociation of ionic and solid impurities in the liquid.
The plot of conductivity of the samples calculated from the imagi-
nary part of the dielectric response data using Eq. (2) on Arrhenius
axes follows simple Arrhenius relation. The calculated conductivity
increased from PKOAE1 through PKOAE4. However, the activation
energy decreased from PKOAE1 through PKOAE4 (Table 4 and Fig. 8).
Temperature increase results in increasing conductivity. The conductiv-
ity of PKOAE4 ismore stable to temperature changed compared to othernductivity of the ester samples.
Fig. 9.Weibull plot of measured breakdown ﬁeld for PKOAE1 and standard mineral insulating oil.
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samples and faster dynamics of the charged particles may be responsi-
ble for the increase in conductivity.
3.3. Electrical breakdown
Ten breakdown measurements were performed at 20 °C for each of
the mineral insulating oil, PKOAE1, PKOAE2, PKOAE3, and PKOAE4
ﬂuids. The measured breakdown ﬁelds of the samples were analyzed
using Weibull statistics. The data was ﬁtted into the Weibull function
to estimate the characteristic breakdown strength from the dispersion
of the breakdown ﬁeld data. For two-parameter, if F(ν) is the distribu-
tion function, the cumulative probability of failure is expressed as:
f νð Þ ¼ 1− exp − ν
α
 β
ð3Þ
where υ, is the voltage, α, the characteristic breakdown voltage is the
value of ν, at which the cumulative probability of failure is (1 − exp
{−1}) = 0.632, and β, is the shape parameter, which is a measure of
the range of failure voltages within the distribution [33]. Fig. 9 shows a
typical Weibull Plot for PKOAE1 and standard mineral oil. The character-
istic breakdown ﬁeld of the esters is compared to mineral insulating oil
sample in Table 5. The ester samples displayed similar characteristic
breakdown ﬁeld with average breakdown ﬁeld of about 43 kV/mm. The
1mm gap breakdown test shows a characteristic breakdown ﬁeld higher
thanmineral insulating oil. Thehigh values for theﬁtted shape parameter,
β, of palm kernel oil ester derivatives demonstrate that the ester
derivative has a narrow distribution of the measure breakdown ﬁeld.
This shows that experimental uncertainty is small. PKOAE2 has the
highest β value, demonstrating that its breakdown values tend to clusterTable 5
Weibull parameters of breakdown test.
Samples N Characteristic
value, α
(kV/mm)
95% conﬁdence
bound for α
(kV/mm)
Shape
parameter, β
95% conﬁdence
bound for β
Min oil 10 27 26.33–28.00 18.10 12.08–30.32
PKOAE1 10 43 41.96–43.60 28.85 19.25–48.32
PKOEA2 10 43 42.18–43.49 33.84 22.58–56.68
PKOAE3 10 43 41.48–45.25 12.76 8.51–21.37
PKOAE4 10 43 41.51–44.82 14.49 9.67–24.27around a modal value with low variability. The chemical modiﬁcation of
the dielectric ﬂuid aimed at improving the thermo-chemical properties
of the ester did not affect the electrical breakdown strength of the ester
samples.
4. Conclusion
The synthesized esters have considerably lowermelting points, with
viscosity of about 4 times lower than that of mineral insulating oil. Side
branching of the ester molecules slightly increased the viscosity of the
ester. The viscosity of the ester suggests that it can serve as a viable
heat transfer and dissipation agent than the mineral oil. The side
branched chains did not appear to have much inﬂuence on the melting
point of the ester of palm kernel oil, but increasing the grafted chain
length further reduces the melting temperature. A suitable pour point
depressantmay be required to formulate palm kernel oil ester dielectric
ﬂuids that will fully function under extremely cold weather conditions.
The speciﬁc heat capacity of the alkyl esters is comparable tomineral oil.
The alky esters appeared to have good oxidative stability with PKOAE2
more stable to oxidative degradation. Increasing the length of the side
branched chains by the addition of an anti-oxidant was found to further
increase the thermo-oxidative stability. The physico-chemical proper-
ties of the esters suggest that the derivatives could serve as effective
dielectric coolant. The AC conductivity increased with processing
suggesting that impurities introduced into thematerial during synthesis
may have contributed to the increase in electrical conductivity. Further
puriﬁcation of the esters may reduce the dielectric loss to allowable
level. However, the ester retained its excellent breakdown strength
after further modiﬁcations. The characteristic breakdown ﬁeld for
1mmgap is higher compared to themineral insulatingﬂuid. A chemical
modiﬁcation approach through the reactive double bond sites may be a
good technique to develop a cost effective and sustainable alternative
insulating ﬂuids.
Acknowledgment
This study was supported by Islamic Development Bank under their
Merit Scholarship Program for High Technology (38/NGR/P29), Nation-
al Grid UK and IEEE DEIS Graduate Fellowship. I want to acknowledge
the contribution of Prof. J.C. Fothergill, Dr. S.J. Dodd, Prof A.P. Abbott
and Dr R.C. Harris.
51A.A. Abdelmalik / Sustainable Materials and Technologies 1–2 (2014) 42–51References
[1] C.P. McShane, Vegetable-oil-based dielectric coolants, IEEE Ind. Appl. Mag. 8 (2002)
34–41.
[2] T.V. Oommen, Vegetable oil for liquid-ﬁlled transformers, IEEE Electr. Insul. Mag. 18
(2002) 6–11.
[3] S. Tenbohlen, D. Vukovic, J. Harthun, S. Barker, R. Frotscher, Application of vegetable
oil-based insulating ﬂuids to hermetically sealed power transformers, Cigre Session,
Paper A2-102, 2008.
[4] D.P. Stockton, J.R. Bland Jr., T. McClanahan, J. Wilson, D.L. Harris, P. McShane, Seed
oil-based coolants for transformers, IEEE Ind. Appl. Mag. (2009) 68–74.
[5] R.D. O'Brien, Fats and Oils: Formulating and Processing for Applications, CRC Press,
2004.
[6] D.C. Abeysundra, C. Weerakoon, J.R. Lucas, K.A.I. Gunatunga, K.C. Obadage, Coconut
oil as an alternative to transformer oil, ERU Symposium, 2001.
[7] V.V. Goud, A.V. Patwardhan, N.C. Pradhan, Kinetics of in situ epoxidation of natural
unsaturated triglycerides catalysed by acidic ion exchange resin, Ind. Eng. Chem.
Res. 46 (2007) 3078–3085.
[8] S.J. Park, F.L. Jin, J.R. Lee, Synthesis and thermal properties of epoxidized vegetable
oil, Macromol. Rapid Commun. 25 (2004) 724–727.
[9] R. Mungroo, N.C. Pradhan, V.V. Goud, A.K. Dalai, Epoxidation of canola oil with
hydrogen peroxide catalysed by acidic ion exchange resin, J. Am. Oil Chem. Soc.
85 (2008) 887–896.
[10] A. Campanella, C. Fontanini, M.A. Baltanas, High yield epoxidation of fatty acid
methyl esters with performic acid generated in situ, Chem. Eng. J. 144 (2008)
466–475.
[11] R.A. Holser, Transesteriﬁcation of epoxidized soybean to prepare epoxy methyl
esters, Ind. Crop. Prod. 27 (2008) 130–132.
[12] S. Z. Erhan, A. Adhvaryu, Z. Liu, Chemical modiﬁed vegetable oil-based industrial
ﬂuid, United States Patent US 6,583,302 B1, 2002.
[13] H.S. Hwang, S.Z. Erhan, Modiﬁcation of epoxidized soybean oil for lubricant formu-
lation with improved oxidative stability and low pour point, JAOCS 78 (12) (2001)
1179–1184.
[14] B.K. Sharma, A. Adhvaryu, Z. Liu, S. Erhan, Chemicalmodiﬁcation of vegetable oils for
lubricant applications, JAOCS 83 (2) (2006) 129–136.
[15] B.R. Moser, B.K. Sharma, K.M. Doll, S.Z. Erhan, Diester from oleic acid: synthesis, low
temperature properties, and oxidation stability, J. Am. Oil Chem. Soc. 84 (2007)
675–680.
[16] B.K. Sharma, Z. Liu, A. Adhvaryu, S.Z. Erhan, One-pot synthesis of chemically
modiﬁed vegetable oils, J. Agric. Food Chem. 56 (2008) 3049–3056.[17] R.A. Holser, Carbonation of epoxymethyl soyate at atmospheric pressure, J. Oleo Sci.
56 (12) (2007) 629–632.
[18] A.A. Abdelmalik, A.P. Abbott, J.C. Fothergill, S. Dodd, R.C. Harris, Synthesis of a base-
stock for electrical insulating ﬂuid based on palm kernel oil, Ind. Crop. Prod. 33
(2011) 532–536.
[19] ASTM D1903, Standard Practice for Determining the Coefﬁcient of Thermal
Expansion of Electrical Insulating Liquids of Petroleum Origin, and Askarels, 2008.
[20] R.M. Silverstein, F.X. Webster, D.J. Kiemle, Spectrometric Identiﬁcation of Organic
Compounds, John Wiley & Sons Inc., 2005
[21] F.G. Kitson, B.S. Larsen, C.N. McEwen, Gas Chromatography and Mass Spectrometry;
A Practical Guide, Academic Press, San Diego, 1996.
[22] B. Massey, J. Ward-Smith, Mechanics of Fluids, 8th edition Taylor and Francis, 2006.
[23] F.K. Dewettinck, D. Van de Walle, A.J. Dijkstra, P.J. Quinn, Physical properties:
structural and physical characteristics, in: F.D. Gunstone, J.L. Harwood, A.J. Dijkstra
(Eds.), The Lipid Handbook, 3rd edition, CRC Press, 2007, pp. 471–534.
[24] H.S. Hwang, S.Z. Erhan, Modiﬁcation of epoxidized soybean oil for lubricant
formulation with improved oxidative stability and low pour point, J. Am. Oil
Chem. Soc. 78 (2001) 1179–1184.
[25] N.H. Jayadasa, K. PrabhakaranNairb, Coconut oil as base oil for industrial lubricants—
evaluation and modiﬁcation of thermal, oxidative and low temperature properties,
Tribol. Int. 39 (2006) 873–878.
[26] Peter Simon, Jan Cvengros, Thermooxidative stability of vegetable oils reﬁned by
steam vacuum distillation and by molecular distillation, Eur. J. Lipid Sci. Technol.
112 (2010) 1236–1240.
[27] B.R. Moser, Comparative oxidative stability of fatty acid alkyl esters by accelerated
methods, J. Am. Oil Chem. Soc. 86 (2009) 699–706.
[28] R.O. Dunn, Oxidative stability of soybean oil fatty acid methyl esters by oil stability
index (OSI), J. Am. Oil Chem. Soc. 82 (2005) 381–387.
[29] K. Ryu, Effect of antioxidants on the oxidative stability and combustion characteris-
tics of biodiesel fuels in an indirect-injection (IDI) diesel engine, J. Mech. Sci.
Technol. 23 (2009) 3105–3113.
[30] A. Sarin, R. Arora, N.P. Singh, R. Sarin, R.K. Malhotra, Oxidation stability of palm
methyl ester: effect of metal contaminants and antioxidants, Energy Fuel 24
(2010) 2652–2656.
[31] Nynas, Transformer Oil Handbook, Nynas AB, Sweden, 2010.
[32] R. Bartnikas, Alternating-current loss and permittivity measurements in engineering
dielectric, in: R. Bartnikas (Ed.), Electrical Properties of Solid Materials: Measure-
ment techniques, IIB, ASTM Publication, 1987, pp. 52–123.
[33] IEEE Std 930-2004, IEEE Guide for the Statistical Analysis of Electrical Insulation Break-
down Data, IEEE, 2005.
